Time-resolved soft X-ray transmission microscopy is applied to image the currentinduced resonant dynamics of the magnetic vortex core realized in a micronsized Permalloy disk. The high spatial resolution better than 25 nm enables us to observe the resonant motion of the vortex core. The result also provides the spin polarization of the current to be 0.67±0.16 for Permalloy by fitting the experimental results with an analytical model in the framework of the spin-transfer torque.
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The manipulation of magnetisation by currents is a key technology for future spintronics because it does not require the application of an external magnetic field to control the devices [1] . The current-driven magnetic domain wall (DW) motion [2] [3] [4] in ferromagnetic nanowires is currently considered to be one of the promising candidates for realizing new spintronic devices such as magnetic racetrack memory [5] . The physics underlying the current-driven DW motion is the so-called 'spin-transfer torque', first proposed by Berger [6] . When a spin-polarized current passes through a DW, it exerts a torque on the magnetisation through a microscopic s-d exchange interaction.
This torque rotates the magnetisation vector in the DW and drives the DW in the direction of the electron flow. The strength of the spin-transfer torque is proportional to the spin-current density, j s , and hence, to the degree of the spin-polarization of the current, defined by P = j s /j, where j is the current density. Therefore, a precise knowledge of the value of P is essential for controlling ferromagnetic nanostructures by electric currents. So far, this value has been estimated from transport measurements such as tunnelling spectroscopy [7] , Andreev reflection [8] and giant magnetoresistance measurements [9] . However, all these methods involve the interface of magnetic and nonmagnetic materials, whose effects are not easy to discriminate. For example, in permalloy, the value of P estimated by these methods ranges from 0.4 to 0.7.
In this paper, we show for the first time that by imaging the current-driven resonant vortex dynamics using high-resolution soft X-ray microscopy, one can experimentally determine the value of P by the direct use of the spin-transfer torque.
This method is not affected by interfaces, and is expected to directly probe the bulk and intrinsic properties of the ferromagnetic material.
The magnetic vortex core confined in a ferromagnetic circular disk [10, 11] exhibits a characteristic excitation called translational mode, which [12] [13] [14] [15] corresponds to the circular motion around the disk centre. This circular motion can be resonantly 3 excited by an ac current [16] [17] [18] , and its radius is proportional to the spin-current density, and thus, to P. Thus, the measurement of this radius offers a direct method to determine P.
We have performed time-resolved magnetic transmission soft X-ray microscopy (M-TXM) [19, 20] to obtain the real-time and real-space imaging of the current-induced translational motion of the vortex core with a spatial resolution that is better than 25 nm The optical setup of the X-ray microscope and X-ray magnetic circular dichroism effect used as magnetic contrast are described elsewhere [19, 20] . Fresnel zone plates provide high spatial resolution, and a stroboscopic pump-probe scheme is utilized for time-resolved studies, where a time resolution of 70 ps is set by the width of the X-ray pulses emitted from a bending magnet in the synchrotron. The X-ray images were recorded at the Ni L 3 absorption edge at a photon energy of 854 eV with the ALS operating in a 2-bunch mode. In this mode, the X-ray pulses have a repetition frequency 4 of 3 MHz, i.e. a 328-ns time distance between subsequent probe pulses; therefore, the phase of the pumping pulse, i.e. the ac excitation currents (or motion of the vortex core) has to be synchronized with this clock signal. Using an arbitrary function generator (AFG), a pulse-modulated ac voltage of 100 ns in duration was applied to the circular disk to excite the motion of the magnetic vortex core. The reflection signal at the sample was monitored through a directional bridge by using a real-time oscilloscope to evaluate the excitation current density and temperature increase during the measurement. We have also carried out micromagnetic simulations in the framework of the Landau-Lifshitz-Gilbert equation including a spin-transfer term 16, 18 . In summary, we have used M-TXM with high spatial resolution to record the resonant motion of the magnetic vortex core, and determined the spin polarization, P, of the current. In contrast to previous measurements, the present method does not involve interface effects [2] [3] [4] , and is expected to probe the intrinsic property of the materials. The obtained value will be suitably used to analyze the current-driven motion of other systems such as DWs.
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